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EXTENDED-RANGE XYZ LINEAR
PIEZO-MECHANICAL SCANNER FOR
SCANNING-PROBE AND SURFACE FORCE
APPLICATIONS

FIELD OF THE INVENTION

The present mnvention relates generally to mechanisms to
create precise scanning motions, and more particularly 1s a
scanner that provides uncoupled motion in three orthogonal
planes.

BACKGROUND OF THE INVENTION

Scanning Probe Microscope (SPM) instruments such as
the Scanning Tunneling Microscope (STM), the Atomic
Force Microscope (AFM), the Lateral Force Microscope
(LFM) and the Friction Force Microscope (FFM), are
research instruments that have been 1n use 1n universities
and 1ndustrial R&D laboratories since the mid 1980°s. These
instruments allow for various imaging of surfaces as well as
measurement of the intermolecular forces between two
surfaces (or a small tip and a flat surface) in vapors or
liquids. The distance resolution 1s typically on the order of
1 A, which means that images can be obtained and forces
measured at the atomic level. Over the years, SPM tech-
niques have been improved and their scope extended so that
it 1s now possible to 1mage different types of surfaces and
measure different surface properties and phenomena than
historically possible.

SPM’s operate by first bringing (positioning) the tip or
‘sensor’ surface near the “sample” surface, and then moving,
the tip vertically (normal mode) or laterally (scanning mode)
to obtain a mechanical or topographical “image” of the
sample surface or to measure some other property, such as
the deflection force, that 1s sensed by the tip or sensor
surface. The generation of an 1mage or the measurement of
a force 1s accomplished by monitoring the deflection of a
cantilever spring supporting the tip as 1t scans the surface.

To obtain reliable 1mages or property measurements, it 1s
essential that the user be able to move the tip precisely in the
z direction (up and down) as well as in the x and y directions
(across the surface). Ideally, any induced motion in the, for
example, x-direction does not produce unwanted motions in
the y or z directions. In addition, given that relatively large
arcas usually need to be scanned, it 1s 1imperative that these
motions be linear, €.g., precisely proportional to the applied
voltage across the piezo element. Moreover, displacements
in the normal “sensing” direction are typically in the ang-
strom range while those 1n the lateral ‘scanning’ directions
are typically in the tens of microns range.

In most SPM and SFA applications the displacements of
the ‘tip’, ‘sensor surface’ or ‘sample surface’ have different
requirements in the lateral (x, y) and vertical (z) directions.
Lateral motion 1s required for ‘scanning’, usually over large
arcas extending tens or hundreds of microns. In contrast,
normal motion 1s generally required for topographical 1mag-
ing or sensing some surface physical or chemical heteroge-
neity over distances 1n the nanometer range. These very
different length scale requirements make 1t 1imperative to
have a displacement transducer that separately optimizes
and decouples the normal and lateral displacements.

However, the scanners used 1n existing SPM devices
utilize a single piezoelectric tube to generate all of the
available displacements, or they use multiple displacement
generation elements that work against each other. Therefore,
the normal and lateral motions generated are intimately
coupled to each other 1n a way that makes 1t difficult to
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2

ogenerate large lateral displacements and small normal dis-
placements at the same time, while still maintaining the
independence and linearity of the displacements.

The most common type of piezo element currently 1n use
1s the “sectored” piezo-electric tube 1n the style shown 1n
FIGS. 1A—C (top and side views). The piezoelectric tube is
sectored 1nto four quadrants, labelled 1-4. The ‘sectoring’ 1s
achieved by removing the conducting metallic coatings from
the outer and inner walls along the four strips 1-4, as shown.
This process results in four electrically (but not
mechanically) separate sections of the original tube.

Normal motion in the z-direction 1s produced by applying
the same voltage differential, AV,=AV,=AV.=AV ,, across
the mner and outer conducting walls of the four sectored
quadrants of the piezoelectric tube. A positive voltage dif-
ferential (AV>0) produces expansion (Az>0) and a negative
voltage differential (AV<0) produces contraction (Az<0) of
the tube.

Lateral motions 1n the x and y directions are produced by
applying different voltages across the four sectors of the
tube. For example, if AV, =—AV,; and AV,=AV =0, sector 1
will expand and sector 2 will contract. The net effect will be
a bending of the end of the tube (which supports the tip) in
the +x direction, as shown 1n FIG. 1C. At the same time, one
may apply additional voltages across the other sectors so as
to produce simultaneous motions along different directions,
for example, 1n the y or z direction. In this way, any desired
motion along any desired direction 1n space can, in principle,
be 1nduced by applying suitable voltage differences across
the four sectors of the scanner piezoelectric tube.

However, the simultaneous requirements of high sensi-
fivity 1n the z direction and high range 1n x and y directions
are not attainable with current art designs. There are two
reasons for this: first, the motions are not perfectly indepen-
dent but coupled. Thus, when motion i1s generated 1n the x
direction, the movement of the tip more closely approxi-
mates an arc of a circle as opposed to a straight line. This
clfect 1s 1llustrated 1n FIG. 1C. The resulting displacement 1n
the x direction 1s therefore accompanied by a slight lifting of
the tip 1n the z direction, as well as a slight rotation of the
tip. These effects are negligible for small deflections, but
become non-negligible when scanning over large lateral
distances, which 1s often required.

Second, piezoelectric transducers become non-linear
when high voltages are applied across them, 1.c., the dis-
placement 1s no longer proportional to the voltages applied
across the different sectors. In addition, when operated 1n the
non-linear region they tend to drift over time, 1.€., their
length changes with time because they are strained beyond
their elastic limit. In most SPM applications, the piezo
clements are subjected to voltages well above their linear
range because of the need to have large scanning distances
(typically>5 um) which is often well above the linear region.

These two problems make 1t difficult to unambiguously
interpret many 1mages and other types of surface measure-
ments quantitatively and sometimes even qualitatively. To
alleviate these problems, which are related (large non-linear
displacements also produce larger coupling between
motions in the X, y and z directions), software packages are
now available that can “correct” these defects. See ¢.g. U.S.
Pat. No. 5,081,390, 1ssued Jan. 14, 1992, to Ellings. The
corrections are typically achieved by employing feedback
sensors from the four sectors that allow the software to
coordinate the voltages across them. Such software pack-
ages have limited success because piezoelectric elements are
mechanically very complex. Their dimensions depend not
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only on the voltage across them but also on the load (force),
the temperature, the time elapsed since the voltage has been
applied, and the previous history. In addition, remedies that
are based purely on a software program cannot overcome the
inherent deficiencies 1 the basic mechanical design of the
sectored piezoelectric tube 1illustrated 1 FIGS. 1A-C. For
example, no amount of feedback can avoid the bending of
the tube (and hence rotation of the tip) when producing
motion in the X and y directions. Finally, the additional space
and cost associated with the need to introduce feedback
sensors, whether capacitance or light based, have made SPM
scanners much more bulky, software intensive, and costly
than 1s necessary for this essentially simple micro-
mechanical device.

The above described deficiencies are becoming ever more
serious because of the increasing demand for scanners that
have a large lateral range of travel. It 1s not clear how or it
software packages can solve the basic deficiencies inherent

In conventional scanners.

Accordingly, 1t 1s an objective of the present invention to
provide a new design capable of producing inherently linear
and uncoupled (i.e., independent) motions in three orthogo-
nal directions 1n space, without requiring any feedback
mechanismes.

It 1s another objective of the present imnvention to provide
a piezoelectric tube that includes four mechanically and
electrically 1solated sectors.

SUMMARY OF THE INVENTION

The present invention 1s a piezo-mechanical scanner that
provides independent and linear displacements in three
orthogonal directions with high sensitivity in the normal z
direction and high range in the lateral x and y directions. The
independence of the directional displacements 1s ensured by
physically dividing into four distinct sectors the piezoelec-
tric tube chiefly responsible for the generation of the move-
ments. Linearity of the movement 1s maintained by provid-
ing mechanical enhancement of the movements 1n the x-y
plane.

An advantage of the present invention 1s that the move-
ments of the scanner are all within the linear operating
range.

Another advantage of the present invention 1s that move-
ment 1n any given direction 1s completely uncoupled from
movement 1n another direction.

Still another advantage of the present invention is that it
can be contained completely within a housing, thereby
reducing the possibility of any external influences on the
scanner, and increasing the stability of the sensing tip.

A still further advantage of the present invention 1s that it
allows for practical utilization of an optical microscope for
direct observation of the subject surfaces.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-C 1illustrate a conventional “sectored” piezo-
electric scanner currently used 1n most SPM devices.

FIG. 2 1s a front side, sectional view of the piezo-
mechanical scanner of the present invention.

FIG. 3 1s a detail view of the lever stage of the piezo-
mechanical scanner of the present invention.

FIG. 4 1s a top view of the piezo-mechanical scanner of
the present invention.

FIG. 5§ 1s a side view of the physically sectored piezo-
electric tube utilized in the present invention.
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FIG. 6 1s a top view of the physically sectored piezoelec-
tric tube utilized 1n the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention 1s a piezo-mechanical scanner, as
illustrated 1n FIGS. 2—6. FIGS. 2—4 show the basic mechani-
cal design features of the preferred embodiment of the
piezo-mechanical scanner, and FIGS. 5 and 6 show the main
(outer) piezo tube 12.

The scanner 1s enclosed in a metal casing or housing
comprising a lower portion 10 and an upper portion 11. A
main piezoelectric tube 12 1s attached to the housing. The
main piezoelectric tube 12 1s a physically and electrically
sectored piezo tube, and the structure of the tube will be
discussed 1n greater detail below. A first end of the main
piezoelectric tube 12 is attached (generally by adhesive) via
insulating gaskets to housing base 10, and a second end of
the main piezoelectric tube 12 1s attached to a lever stage 13.
Lever stage 13 1s connected to a stage 14 by four horizontal
rod or wire springs 135.

One end of stage 14 1s connected to housing 10 by four
vertical wire springs 16. A second end of stage 14 1s
connected to an 1nner piezoelectric tube 17 via insulating
cgaskets. As with the main piezoelectric tube 12, the method
of securing the stage 14 to the piezo tube 17 1s usually via
an adhesive. The lower end of the inner piezoelectric tube 17
1s glued to a lower stage 25. The lower stage 25 supports the
tip or sensor surface 18 which 1s scanned across the sample
surface 19.

The enfire scanner unit 1s clamped onto the top of an
instrument chamber 20 (which could be an SPM or SFA) via
cover clamp 21. The scanner 1s sealed from the outside
atmosphere by the housing 10, 11 a stainless steel bellows
22, the piezo tube 17, and the lower stage 25. A hole 23
through the center of the cover clamp 21 allows the user to
insert an ordinary optical microscope tube 24 if desired. The
optical microscope 24 allows the user to directly view the tip
18 and sample surfaces 19. A silica glass window 25 allows
light to pass through the apparatus wall into the microscope
objective lens.

Movement of the scanner probe tip 18 1s controlled
chiefly by the main piezoelectric tube 12. By applying
known voltages across the four sectors of the main piezo
tube 12, the four sectors of piezo tube 12 can be made to
expand or contract linearly along their lengths 1n the xz
direction. The expansion and contraction of each sector is
independent of any expansion or conftraction in another
sector. This decoupling 1s possible because vertical slots
have been formed between the sectors of the main piezo-
clectric tube 12 by removing the tube material from between
cach sector. A small connecting section at the base of each
vertical slot 1s left 1ntact so that the tube maintains rigidity
during assembly. The connecting sections have all the con-
ducting material removed from both their outer and 1nner
conducting surfaces.

When a voltage AV,=—AV, 1s applied across opposing
sectors, one sector expands and the other contracts by the
same amount, +AZ. These vertical motions are 1n turn
translated into lateral motions +AX 1n the x-direction
because the rectangular arm, the upper part of stage lever 13,
(see FIG. 3), rotates about the pivot point P (for each sector)
centered between the two thin vertically parallel cantilever
strips of stage lever 13. The lateral distance moved 1n the +x
direction, AX, 1s proportional to the vertical displacement of

the piezo sectors, AZ, and is given by AX=(A/B)AZ, where
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A/B 1s the ‘mechanical magnification factor” which 1s deter-
mined by the geometry of stage lever 13, and will be
typically of order 10.

In the example for the sector shown 1n FIG. 3, the piezo
sector expansion, AZ; is positive (upwards), so that the
rectangular arm of stage lever 13 rotates 1n the clockwise
direction, and AX; 1s positive (to the right). Simultaneously,
the corresponding piezo of sector 1 contracts, AZ, 1s nega-
tive (downwards), but the arm still rotates in the clockwise
direction, and AX, 1s again positive (to the right), which
reinforces the displacement of sector 3 to which sector 1 1s
coupled.

In this way, linear motion in the z-direction is translated
to magnified linear motion i1n the x-direction. Likewise,
coupled voltages applied across sectors 2 and 4 generate
displacements 1n the +y direction independently of the
displacement 1n the x-direction.

The four horizontal wire springs 15 on the stage levers 13
couple the motions 1n the £x and +y directions to stage 14
(see FIG. 4). The stage 14 1s connected via four vertical wire
springs 16 to the rigid housing base 10. The four vertical
springs 16 act like the legs of a table and allow for linear
motion 1n the horizontal plane of stage 14, which 1s 1tself
connected to the tip or sensor surface 18 via 1nner piezo tube

17.

Inner piezoelectric tube 17, which 1s not required to be
physically sectored but which may be if desired, allows for
fine control of tip displacements in the +z direction inde-
pendently of the x and y displacements (which are controlled
by the main piezo 12). These normal displacements will in
general be small—much smaller than the lateral
displacements, so that the inner piezo tube 1s always oper-
ated within its linear region.

The advantages of the structure and operation of the
present mvention are as follows:

(1) LINEARITY. The present imnvention allows for gen-
erating linear motion along three orthogonal directions
(X, y and z) completely independently of each other, but
with motion 1n all three directions available at the same
time. Linearity 1s achieved by (1) decoupling the piezo
clements that give rise to each displacement, and (ii)
mechanically amplifying the movement in the x and y
directions. By magnifying the linear motion of piezo
clements mechanically, via stage lever 13, rather than
increasing the voltage beyond the non-linear range, a
much higher displacement 1s achieved while still
remaining in the linear region. The ‘mechanical mag-
nification factor’ A/B can be chosen to be 10 or more
by a suitable choice of dimensions for stage lever 13.

(2) DECOUPLED DISPLACEMENTS IN X, Y, AND Z
DIRECTIONS. The independence of the three motions
from each other means that more reliable and stable
displacements can be applied than 1s currently possible
with existing piezoelectric tubes (cf. FIG. 1). It also
means that fine movements can be generated by apply-
ing relatively low voltages to the inner piezo tube 17.
This reduces the problems of drift and creep which
arise when piezos are strained beyond their linear
region or when elements are mechanically coupled to
cach other. The separate fine control in the normal,
z-direction 1s particularly useful 1n many SPM and
related devices where one generally needs to indepen-
dently fine adjust the normal displacement by ang-
stroms without interfering with the ‘coarse’ lateral
displacement 1n any way, and vice versa.

(3) ISOLATION AND STABILITY. The piezo-
mechanical scanner 1s completely sealed 1n 1ts housing,
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thereby allowing for its installation mto almost any
SPM, SFA or other positioning chamber whose atmo-
sphere (relative humidity, organic vapor
contamination) can be kept clean or fully controlled.
Since normal displacements are controlled mainly
mechanically (the inner piezo tube 17 for fine distance
control having relatively thick, robust walls) the new
device will have much less hysteresis and drift than
scanner heads employing conventional piezo tubes. In
addition, the physically sectored main piezo tube 12
(which will be more sensitive to thermal drifts and
creep) 1s isolated from both walls of the scanner,
making it particularly well-shielded from extraneous
temperature drift, thereby adding to the stability of the
tip position.

(4) SIMULTANEOUS OPTICAL IMAGING. The new
scanner may be used with an optical microscope for
directly visualizing the surfaces during scanning. In
addition, with the proposed design, the microscope
objective 24 can be placed very close to the surfaces on
cither the ‘tip” or ‘sample’ sides.

The above disclosure 1s not intended as limiting. Those
skilled 1n the art will readily observe that numerous modi-
fications and alterations of the device may be made while
retaining the teachings of the invention. Accordingly, the
above disclosure should be construed as limited only by the
restrictions of the appended claims.

I claim:

1. A piezo-mechanical scanner comprising:

a main piezoelectric tube to generate motion of a probe tip
of said scanner along a first axis and a second axis in
a 1irst plane, motion along said first axis being 1nde-
pendent from motion along said second axis,

a mechanical advantage means that 1s not part of said
main piezoelectric tube, said mechanical advantage
means translates vertical expansion and contraction of
said main piezoelectric tube generated by voltage dif-
ferentials within a linear operating range of said main
piezoelectric tube 1nto resultant motion of said probe
tip; wherein

said resultant motion of said probe tip i1s also linear, and
1s non-hysteretic and creep-free.

2. The piezo-mechanical scanner of claim 1 wherein:

saild main piezoelectric tube comprises a plurality of
sectors, each one of said sectors being physically
separated from each of the other sectors so that motion
generated by a first pair of opposing sectors along said
first axis 1s not affected by motion simultaneously
generated by a second pair of opposing sectors along a
second axis.

3. The piezo-mechanical scanner of claim 2 wherein:

said main piezoelectric tube 1s substantially cylindrical 1n
shape, and said sectors are created by longitudinal slots
in walls of said main piezoelectric tube, a lower con-
necting portion of said walls having conducting mate-
rial removed 1n a region corresponding to said longi-
tudinal slots to ensure electrical 1solation of said
sectors.

4. The piezo-mechanical scanner of claim 1 wherein:

said scanner comprises a second piezoelectric tube that
generates motion 1n a second plane orthogonal to said
first plane.

5. A piezo-mechanical scanner comprising:

a main piezoelectric tube to generate motion of a probe tip
of said scanner along a first axis and a second axis in
a first plane, motion along said first axis being 1nde-
pendent from motion along said second axis,
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a mechanical advantage means that 1s not part of said
main piezoelectric tube, said mechanical advantage
means translates a vertical expansion and contraction of
said main piezoelectric tube generated by voltage dif-
ferentials within a linear operating range of said main
piezoelectric tube 1nto a resultant motion of said probe
tip, and

a second piezoelectric tube that generates motion 1n a
second plane orthogonal to said first plane; wherein

said resultant motion of said probe tip 1s also linear, and
1s non-hysteretic and creep-iree.
6. The piczo-mechanical scanner of claim 5 wherein:

said main piezoelectric tube comprises a plurality of
sectors, each one of said sectors being physically
separated from each of the other sectors so that motion

10

3

generated by a first pair of opposing sectors along said
first axis 1s not affected by motion simultaneously
generated by a second pair of opposing sectors along a
second axis.

7. The piezo-mechanical scanner of claim 6 wherein:

said main piezoelectric tube 1s substantially cylindrical 1n

shape, and said sectors are created by longitudinal slots
in walls of said main piezoelectric tube, a lower con-
necting portion of said walls having conducting mate-
rial removed 1n a region corresponding to said longi-
tudinal slots to ensure electrical i1solation of said
seclors.
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